Abstract-In this paper, robust and optimal adaptive filtering is used to cancel noise and interference in wheel speed sensors. Noise and interference corrupt the information coming from the sensors, and it is very difficult to diminish their negative influence on the signal of interest by using the classical approach to filtering. In this case the relevant signal is buried in a broad-band noise background where we have little or no prior knowledge of the signal or noise characteristics. The results of the experiments show that the signal of interest and the noise (all forms of interference, deterministic as well as stochastic) share the same frequency band and that the filter used significantly reduced the noise corrupting the information from the sensor while left the true signal unchanged from a practical point of view.
I. INTRODUCTION
In today's automobiles, sensors are playing a very important role. The reality is that the continuously growing need for better comfort and safety makes it almost impossible to imagine a future without intelligent systems looking after us.
However, the process of fabricating sensors is very far from being an easy task. Basically, each application has its own requirements that make the same sensor suitable for some applications and unsuitable for others. This way some industries impose tougher restrictions on the manufacturing of sensors than do others. Some of the strictest standard can be found in the automotive industry. There, the sensors have to work under severe working conditions, high temperatures, high humidity, chemical attacks, undesirably strong vibrations, electromagnetic interference, and so on. Therefore, in order to fabricate the perfect sensor, researchers from all around the world are working hard to invent intelligent devices consisting of not only sensors but also microprocessors, among other devices, that incorporate a certain amount of intelligence to the sensor itself, transforming it into a better prepared measuring system to deal with the inevitable, dangerous automotive operating conditions.
In this paper, an introduction to wheel speed sensors based on angular motion sensors is given. In addition, in order to guarantee an effective and reliable performance of such sensors in today's cars, which is a safety-related problem, a real-life example of improving the response of such sensors by using robust and optimal signal processing techniques is given, making the importance of building intelligent sensors clearer.
Before continuing on to the next section, it should be stressed at this point that there are lots of excellent references to frequency-domain adaptive filters in the scientific literature on signal processing and adaptive filtering, and that excellent information about the performance characteristics of these filters can be found in references [1] - [6] . For this reason, in this paper, the robust stability and performance characteristics of the frequencydomain adaptive filters are not going to be improved. Instead, what is shown is that a higher performance of the wheel speed sensors of the anti-lock braking systems (ABS) of today's automobiles can be achieved by using these devices.
Section II concerns wheel speed sensors. In Section III concerns the use of robust and optimal signal processing techniques to improve the response of wheel speed sensors. Section IV concerns the experimental results. Section V concerns the conclusions.
II. INTRODUCTION TO WHEEL SPEED SENSORS
The speed of rotation of the wheels are among the most important inputs to the ABS. Furthermore, other uses of the information from the rotational speed of the car's wheel include: traction control, vehicle stability control, transmission control, engine management, chassis control, hill-holder brakes, rollback detection or electronic parking brakes, brake-force distribution and roll-over protection, among others.
However, in spite of the fact that a lot of rotational speed sensors share similar characteristics, not all of them are suitable for use in the automotive industry. The reality is that angular motion sensors based on magnetic field sensing principles stand out because of their many inherent advantages and sensing benefits [7] .
In short, the most important angular motion sensors are: variable reluctance sensors, Wiegand effect sensors, Hall effect sensors, magnetoresistive sensors, anisotropic magnetoresistive sensors, and giant magnetoresistive sensors. In addition, their contactless operation, providing a long operating life and wear-free measurements and detection, high reliability, high sensitivity, unaffected by dirt or dust, relatively high operating temperature and relatively wide operating frequency range, among other benefits, make them the best solution to carry out satisfactory measurements while working in hostile environments in automotive and industrial applications.
First of all, variable reluctance sensors are generally used to provide information about the speed of a component and the change in speed of a component. Common applications include: camshaft position sensors, crankshaft position sensors and passive wheel speed sensors. Also, they are used in fuel injection timing and engine speed measurement. What is more, they are used by the ABS for the wheel-slip measurement on automobiles and trucks, and for traction control and vehicle stability [8] . Second, Wiegand effect sensors also have many automotive applications such as antilock braking, speed sensing and position indicators. Furthermore, they are used for shaft speed sensing and numerous rotational counting applications [9] . Moreover, they are applied in aftermarket high-performance ignition systems [8] . Third, a few of the most important automotive applications of Hall effect sensors include: camshaft and crankshaft sensors, sensor ignition, timing engine speed, wheel speed (ABS), traction control, wiper systems, door lock, central looking, seat adjustment, window lifter, sliding floor, buckle switch, brake light switch, mirror adjustment, brake assistant, gear position, shift-by-wire, drive-by-wire, brake-by-wire, steer-by-wire, throttle position sensor, active suspension control, steering wheel angle, headlight range adjustment, current measurement, battery management, liquid level sensor, and power steering. Last but not least, magnetoresistive sensors are a suitable solution for many angular measurement applications. Basically, measurements of tension, thickness and position can easily be converted into angle measurements by using simple mechanical assemblies. At this moment, it is important to highlight that a few of their most important applications include their use in high-accuracy crankshaft angular measurements, throttle position, pedal position, active suspension, selflevelling systems, automatic headlight adjustment, antilock braking systems, anti-slip control, gearbox applications, automatic electric windows, electric sunroofs, steering and seat adjustment, lumbar support, and mirror control [7] .
III. ON USING ROBUST AND OPTIMAL SIGNAL PROCESSING TECHNIQUES TO IMPROVE THE RESPONSE OF WHEEL SPEED SENSORS
One of the most difficult tasks in designing any sensorbased device is the process of conditioning the electrical information coming from the sensor to transform it into a form that can be interfaced with other elements of a control system. In addition to this, the designer has to deal with the inevitable disturbances and interferences or noise that affect badly both the measurement and the energy conversion of the variable being sensed by the sensors. In short, the output of the sensor is not a clean, pure signal but a corrupted one carrying both wanted and unwanted information, where such unwanted information is the result of uncertainties and external disturbances acting on the measurement system [10] - [19] .
In order to make measurement systems more resistant to uncertainties and disturbances, more reliable, more efficient, noise immune and relatively inexpensive, designers have taken advantage of the advances in microelectronics and semiconductor technologies to fabricate directly on the same chip not only the sensors, but also the signal conditioning circuitry and the signal processing circuitry, embedding in the same integrated circuit not only the sensor, but also instrumentation amplifiers, microprocessors, and so on. However, despite having advanced so far in the semiconductor technology and manufactured high-quality sensors, there is still room for improvement in the quality of the signal they are sending. For that reason, this paper is devoted to presenting a practical example of how to achieve the most from a sensor embedded in a corrupted environment by combining sensors and optimal signal processing techniques. To this end, it was preferable to choose the least expensive wheel speed sensor and one of the most widely used in today's cars, but, at the same time, the one with the poorest signal-to-noise ratio characteristics, the wheel speed sensor based on a variable reluctance proximity sensor. The importance of choosing not only the right sensor to solve a need, but also the signal-processing circuitry that better fits the automotive application requirements of a specific problem can be appreciated.
Subsection III.A concerns the principles of the wheel speed sensor based on a variable reluctance proximity sensor. Section III.B concerns practical considerations about real-life performance of such sensors in today's cars. Section III.C concerns robust and optimal adaptive filtering applied to improve the response of a wheel speed sensor.
A. Principles of the wheel speed sensor based on a variable reluctance proximity sensor
Basically, proximity measurement refers to pointing out whether an object is situated inside a region near the sensor. In this research a proximity sensor held in a protective casing and mounted in a fixed position close to one of the wheels of the car undergoing performance tests was used. The proximity sensor is of the variable reluctance type [7, 18, 19] and its coil is made up of a thin wire wound around an insulating form and coupled to a permanent magnet.
When the proximity sensor detects the presence of any of the ferrous teeth of a toothed wheel, an output voltage is obtained (see Figure 1) because the ferrous teeth cross the magnetic field that is created in front of the sensor, causing a change in the resulting flow and producing an electromotive force in the coil. Thus, the output is an alternating signal whose frequency and Figure 2 .
B. Considerations
Due to the fact that proximity sensors are widely used in many industrial applications [7] , it is important to say something about their advantages and disadvantages.
On the one hand, they can be very small and we can embed them in places where other sensors may not fit. Also, they are often sealed in protective cases and can be highly resistant to both high temperatures and pressures and chemical attacks as well. Furthermore, other advantages are their reliability, the little maintenance required, and low cost.
On the other hand, they have to be placed very close to a suitable ferrous metal to produce an adequate output voltage. And they also suffer from undesirable signals or noise. In fact, these sensors have a very low signalto-noise ratio at automobile speeds lower than 5 km/h, which is not appropriate for the braking performance.
On balance, despite the fact that there are disadvantages, the variable reluctance proximity sensors seem the most suitable choice to measure the speed of rotation of motor car wheels in the ABS of today's automobiles. In short, these sensors are playing an important role in the optimal braking systems of today's automobiles, which is a safety related problem where effective and reliable performance has the highest priority. 
C. Robust and optimal adaptive filtering applied to improve the response of a wheel speed sensor
Adaptive filtering and prediction are very important fields of research which deal with signals corrupted by noises or interferences, all of them sharing very close or the same frequency bands. The essential factor of this kind of filtering is that the filter has a mechanism for adjusting their own parameters automatically by using a recursive algorithm, at the same time that it is in active interaction with the environment, and all of this happens in such a way that the behavior of the adaptive filter or predictor (depending on the application) is continuously improved according to a defined performance criterion which has been previously established by the designer.
In the present paper, the problem is to estimate a signal buried in a broad-band noise background, where we only have little information of signal and noise characteristics. In this case, the noise reduction should be treated as an unknown signal estimation problem, a condition which justified the fact that the use of fixed filters was disregarded. Furthermore, it should be stressed at this point that the chosen adaptive filter should not have a high computational burden. In addition, it should have good numerical properties, rate of convergence and roundoff error rejection. Also, it is required to yield good transient and tracking performance, disturbance rejection and robustness.
However, as we demand more requirements, the designed filter has to be more complex. This fact led us to make a trade-off between the attributes that the filter should have and the final performance requirements.
Therefore, in order to satisfactorily solve the previously outlined problem, the fast least-mean-square (LMS) adaptive filter [1] - [6] was chosen by forming part of an adaptive noise canceller, working in adaptive line enhancement (ALE) configuration [6, 20] . Figure 3 shows the block diagram representation of the ALE.
As can be seen from Figure 3 , the ALE is a variant of the adaptive noise canceller [6, 20] but with the difference that in the first device the reference input is taken directly from a delayed version of the primary input. Here, the delay ∆ is measured in units of the sampling period and it must be large enough to eliminate the correlation between the noise in the primary input and the noise in the reference input. In this sense, when both the value of ∆ and the adaptive filter are satisfactorily chosen, the result of the system shown in Figure 3 is an adaptive self-tuning filter capable of extracting extremely low-level signals from corrupted environments.
According to Haykin [6] , the reference input u(n − ∆) is processed by an adaptive filter to produce an error signal ε(n), defined by the difference between the primary input u(n) and the system output y(n). The error signal is, in turn, used to actuate the fast LMS algorithm for adjusting the weights of the filter. The adaptive process minimizes the mean-square error (MSE), E[ε(n) 2 ]. 1) Summary of the fast LMS algorithm based on overlap-save sectioning (assuming real-value data). From Shynk [5] and Haykin [6] : Initialization:
W(0) = 2M -by-1 null vector, whereŴ is the frequency-domain tap-weight vector of the finite impulse response (FIR) filter for the kth block of input data and M is the length of the FIR filter 
Choosing the coefficients of the adaptive filter: In order to a satisfactory treatment of the signal under test, the fast LMS adaptive algorithm shown above was used with the following input parameters: α = 0.001; δ i = 0.01; and γ = 0.999. Here, the power estimate P i were initially set to δ i = 0.01, the filter weights were set to zero, and γ = 1-α. Also, in order to choose satisfactory values of M and ∆, an experiment was carried out in which M and ∆ were chosen so that, after the convergence of the filter, MSE was minimal. For the problem at hand, the minimum value of the MSE was found at M = 30 and ∆ = 15, MSE = 1067.4.
IV. EXPERIMENTAL RESULTS
After studying the band-width of the signal of interest, a sampling frequency of 10kHz was chosen. Also, the signal treatment was done by using the National Instruments Data Acquisition Card DAQCard-700. Figure 4 shows the ALE input (primary input), and Figure 5 shows the system output. Here, the adaptive filter started to work at 0 km/h car's speed and the car was accelerated up to 43 km/h, speed at which it was braked. It can be seen how the adaptive filter satisfactorily diminished the noise corrupting the output voltage of the wheel speed sensor while leaving the important signal relatively unchanged. Here, during the first 3.5 seconds the car was stopped and afterwards its speed was progressively increased for 23 seconds.
The power spectral density (PSD) of the electrical signals shown in Figures 4 and 5 are shown in Figure 6 . Note that a satisfactory signal-to-noise ratio improvement is achieved. Equation (1) is used to define an index of the statistical performance for the fast LMS adaptive filter [6] , and Figure 7 corresponds to experimentally derived results of the learning curve of the ALE used in this research by ensemble-averaging over 20 independent trials of the 
J(n)
V. CONCLUSION
In this paper, robust and optimal adaptive filtering was used to cancel the noise and interference of signals coming from wheel speed sensors. In short, in order to bridge the gap between sensor technology and intelligent sensing, a real-life application on improving the response of one of the cheapest, but, at the same time, one of the noisiest wheel speed sensor types used in a wide range of applications in today's automotive technology is given. What is more, the analysis of the chosen sensor ends by presenting the experimental results of a real-life test carried out in laboratory. In addition, a satisfactory signalto-noise ratio improvement was achieved, the robust and optimal adaptive filter significantly reduced the noise corrupting the information from the sensor while leaving the true signal relatively unchanged from the practical point of view, demonstrating the ability of this device to work satisfactorily in environments where we have little information of signal and noise characteristics. Another argument in favor of the statements above is the fact that the satisfactory results of the experiment showed the importance of the fusion of different technologies to create, in theory, the optimal sensor for each application.
